The protein-protein interactions (PPIs) of the transmembrane glycoprotein E2 with the hydrophobic pocket on the surface of capsid protein (CP) plays a critical role in alphavirus life cycle. Dioxane based derivatives targeting PPIs have been reported to possess antiviral activity against Sindbis Virus (SINV), the prototype alphavirus. In this study, the binding of picolinic acid (PCA) to the conserved hydrophobic pocket of capsid protein was analyzed by molecular docking, isothermal titration calorimetry (ITC), surface plasmon resonance (SPR) and fluorescence spectroscopy. The binding constant K D obtained for PCA was 2.1 Â 10 À 7 M. Additionally, PCA significantly inhibited CHIKV replication in infected Vero cells, decreasing viral mRNA and viral load as assessed by qRT-PCR and plaque reduction assay, respectively. This study is suggestive of the potential of pyridine ring compounds as antivirals against alphaviruses and may serve as the basis for the development of PCA based drugs against alphaviral diseases.
Introduction
The re-emergence of the chikungunya disease caused by CHIKV possesses a serious worldwide threat to the public health (Cavrini et al., 2009 ). The main vectors responsible for the transmission of CHIKV are Aedes albopictus and Aedes aegypti. CHIKV infection is characterized by acute fever, rashes and musculoskeletal pain in humans (Morrison, 2014) . Apart from these symptoms, CHIKV fever is also characterized by persistent arthralgia (Larrieu et al., 2010) . Clinical manifestations of CHIKV fever includes lethal hepatitis, lymphopenia, severe dermatological lesions, encephalitis in adults and fetal transmission during pregnancy causing neonatal encephalopathy (Sourisseau et al., 2007) . The time between the mosquito bite to the start of the symptoms ranges from 2 to 12 days. This disease was first reported from the serum of a febrile patient in 1952 following an outbreak on the Makonde plateau (Ross, 1956 ). This place is the border area near Mozambique and Tanzania. Since its first report in Africa, numerous outbreaks members have been currently classified into eight complexes based on antigenic and genetic similarities (Powers et al., 2001; Weaver et al., 2012) . Alphaviruses enter the host cells via receptormediated endocytosis followed by genome replication in the cytoplasm (Jose et al., 2009) . The alphavirus virion is approximately 70 nm in diameter and has host cell derived lipid membrane which is embedded with 80 spikes in T¼ 4 icosahedral symmetry. Each spike is composed of trimers of E1 and E2 glycoprotein heterodimers (Mukhopadhyay et al., 2006; Soonsawad et al., 2010; Strauss and Strauss, 1994) . The RNA genome ( $ 11.7 Kb) is surrounded by nucleocapsid core (NC) that consists of 240 copies of CP. The virion genomic RNA with a 5′ methylated cap and a polyadenylated tail is directly translated into viral replication enzymes in the host cell cytoplasm on entry (Baron et al., 1996; Vasiljeva et al., 2000) . Alphavirus infection generally causes arthralgia, rash, headache, fever and arthritis. However, some of the pathogenic species like VEEV, EEEV, WEEV cause encephalitis and infections can also be life-threatening. Alphaviruses are classified into New and Old world viruses depending upon the mechanism by which they down regulate the transcription of host cell and disease complications. Old World viruses like CHIKV, Semliki Forest virus (SFV) and SINV etc. employ nsp2 protein for down regulation of the cellular transcription and cause arthralgia. New world viruses like VEEV, WEEV etc. employ capsid protein for shutting off the host cell transcription and cause encephalitis (Garmashova et al., 2007; Hahn et al., 1988) .
The CP of alphaviruses is a multifunctional protein. It consists of two domains, the RNA binding N-terminal domain and the C-terminal protease domain (Choi et al., 1991; Hong et al., 2006) . The N-terminal domain, which is highly disordered is involved in binding to the genomic RNA, PPIs that lead to the CP dimerization and the inhibition of host transcription (Owen and Kuhn, 1996; Perera et al., 2001) . Similarly, the N-terminal domain of alphavirus nsp4 protein is disordered and involved in PPIs (Rupp et al., 2011; Tomar et al., 2006) . The C-terminal domain of CP is a serine protease that possesses a chymotrypsin-like fold. It has autoproteolytic activity and cleaves itself from the N-terminus of the structural polyprotein and thus, plays a critical role in the processing of structural polyprotein and the viral life cycle. After the cis-cleavage, the C-terminal tryptophan residue of CP remains bound to the active site and blocks further CP protease activity (Choi et al., 1991) . However, recently the in-vitro trans-cleavage activity of the C-terminal truncated Aura Virus capsid protease (AVCP) and CHIKV capsid protease (CVCP) using synthetic fluorogenic peptide containing the CP protease cleavage site has been reported (Aggarwal et al., 2014; Aggarwal et al., 2015) .
The mature virion surrounded by two concentric shells consists of 240 copies of each capsid, E1and E2 protein. The outer shell comprises of E1 and E2 glycoproteins and inner shell comprises of CP (Cheng et al., 1995; Strauss and Strauss, 1994) . The space between the two concentric shells is filled with the host derived lipid bilayer through which the transmembrane helix of the glycoproteins penetrates (Mancini et al., 2000; Tang et al., 2011) . The cryoelectron microscopy (cryo-EM) and crystallographic studies from various alphaviruses provide crucial details about the distribution, structures and possible interactions of the cytoplasmic tail of E1 and E2 glycoproteins and CP (Kostyuchenko et al., 2011; Zhang et al., 2002) . The molecular interaction of CP with the cytoplasmic domain of E2 glycoprotein (cdE2) facilitates the budding of virions from the plasma membrane of infected host cell (Jose et al., 2012) . To analyze this molecular interaction, the homology models of AVCP cdE2 glycoprotein was generated and fitted into the cryo-EM density map of VEEV along with crystal structure of AVCP-dioxane complex. Fitting analysis revealed the hydrophobic contacts of the conserved Pro405 of Aura virus cdE2 with the hydrophobic pocket of AVCP. The Pro405 is present at the loop region of helix-loophelix structure of E2-cytoplasmic domain (Aggarwal et al., 2012; Lopez et al., 1994; Owen and Kuhn, 1997) . It was postulated that the dioxane present in the CP-hydrophobic pocket of AVCP-dioxane complex structurally mimics the pyrrolidine ring of Pro405 residue of cdE2 (Aggarwal et al., 2012) . This suggested that heterocyclic ring compounds similar to dioxane and its derivatives could bind in the hydrophobic pocket of CP and disrupt its PPIs with cdE2. PCA, a pyridine containing compound is known to have antiviral, antimicrobial, cytotoxic and apoptotic properties (Corrêa et al., 2011; Fernandez-Pol et al., 2000) . Previous studies have reported the antiviral properties of PCA against Human Hepatitis B virus, Dengue virus and SINV. PCA was found to inhibit the SINV replicons at various concentrations tested (Fernandez-Pol and Fernandez-Pol, 2008) . The chemistry of nitrogen containing heterocyclic rings can be exploited for design and synthesis of drug molecules. Additionally, drug molecules based on pyridine ring such as isoniazid, the antituberculosis agent are already available in the market (Preziosi, 2007) . Recent findings have provided some breakthroughs in finding anti-CHIKV chemotherapeutic agents like Interferons, Ribavirin, Mercaptopurine etc. (Jadav et al., 2015) . But till date, no effective drug or vaccine is available in the market for the treatment of CHIKV disease.
In this study, it is postulated that the binding of picolinic acid to CVCP hydrophobic pocket might inhibit CP-cdE2 interactions seen in cryo-EM alphavirus structures (Aggarwal et al., 2012; Tang et al., 2011; Zhang et al., 2011) . Molecular docking, isothermal titration calorimetry (ITC), surface plasmon resonance (SPR) and fluorescence studies have been carried out to characterize the binding of picolinic acid to the hydrophobic pocket of CVCP. Our results clearly demonstrate the antiviral properties of PCA against CHIKV, and thus support the postulate that the binding of PCA to the hydrophobic pocket of CVCP blocks cd-E2-capsid interaction. Hence, this study illustrates the potential to use pyridine ring for design and development of pharmaceutically active antiviral compounds to combat chikungunya disease.
Materials and methods

3D model generation
Homology modeling was done for CVCP protein (residue range: 113-261), in following steps: (a) selection of template from protein data bank (PDB), (b) sequence template alignment, (c) building of model, (d) refinement and validation. NCBI BLAST search tool was used to perform the template search. The crystal structure of Semliki Forest virus capsid protein (PDBID: 1VCP) was the first hit with 93% sequence identity to CVCP (Choi et al., 1997) . Clustal omega program was used for multiple sequence alignment of the query sequence with the template sequence (http://www.ebi.ac. uk/Tools/msa/clustalo/). 1VCP was used as a template to generate three dimensional structure of CVCP. Several models were generated and the model with the lowest DOPE score was further assessed using PROCHECK and ERRAT (http://nih server.mbi.ucla. edu/SAVES/). The model with the least number of residues in the disallowed region was further evaluated for energy minimization using Swiss-Pdb Viewer 4.01 (http://spdbv.vital-it.ch/).
Molecular docking
AutoDock 4.2 was used for carrying out docking studies of small molecules into CVCP modeled structure. Docking was conducted using Windows 2007 on a HPxw8400 workstation. The modeled CVCP protein structure was selected for the docking studies. All the water molecules were removed from the protein structure, and non-polar hydrogens and Kollman charges (Kollman charges ¼9) were added using AutoDock MGL Tools. The protein was saved in .pdbqt file format. The ligands for the CVCP protein docking studies were retrieved from PubChem Compound Database. The name of the ligands and their molecular formulas are given in Table 1 . The ligands were downloaded from PubChem in SDF format and then converted in to PDB format using Open Babel software. For the ligand preparation, same procedure was employed for all the ligands. The Grid parameters were same. Hydrogens atoms and Gasteiger charges were added. For dioxane, proline and picolinic acid the Gasteiger charges added were À0.0002, À 0.0001 and À 1.0001, respectively. After these changes the ligands were saved in .pdbqt file format. The atomic potential grid map was calculated by AutoGrid 4 with a spacing of 0.375 Å and the Grid box dimensions were 30 Å Â 30 Å Â 30 Å. The center point co-ordinates set was X ¼8.726, Y¼ 115.84 and Z ¼36.188. Lamarckian Genetic algorithm in combination of grid based energy evaluation method was used for docking. The number of total GA runs was increased from 10 to 50. Other docking parameters were set as default. For analysis, the configuration with the lowest binding energy was considered.
Virus
An Indian isolate of Chikungunya virus, DRDE-06 (GenBank accession no: EF-210157) belonging to East Central and South African (ECSA) genotype maintained at Virology Division, DRDE, Gwalior was used in the present study for the expression of recombinant capsid (Aggarwal et al., 2015) . Chemically competent cells of Escherichia coli strain Rosetta (DE3) were transformed with recombinant plasmid containing N-terminal His-tagged CVCP capsid protein gene (residues 106-261). The amino acid sequence for the affinity tag and the TEV protease cleavage site at the N-terminus of the protein was MGSSHHHHHHSSENLYFQGHM. The optimization of expression conditions for CVCP was done to produce the protein in soluble form. These transformed cells were plated on LB agar plate containing 50 μg/ml kanamycin and 35 μg/ml chloramphenicol, and incubated at 37°C overnight. Single colony was picked and inoculated in LB broth supplemented with the desired antibiotics, grown at 37°C overnight with constant stirring. The overnight grown culture was used to raise 1 L secondary culture. The secondary culture was grown till the OD at 600 nm (OD 600 ) reached to $ 0.8 and afterwards the protein expression was induced using 0.4 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) . After induction with IPTG, culture was grown at 37°C for 4 h with constant agitation. Induced cells were harvested by centrifugation at 8000g for 15 min at 4°C and analyzed on 15% SDS-PAGE (Sodium dodecyl sulfate-polyacrylamide gel electrophoresis) to confirm the protein expression and solubility.
Purification of CVCP protein
The CVCP protein was purified using cell pellet from 1 L culture. Frozen pellets were thawed and re-suspended in 25 ml of lysis buffer (50 mM Tris-HCl pH 7.6, 10 mM imidazole and 100 mM NaCl) on ice. The re-suspended cells were disrupted using the French Press (Constant Systems Ltd, Daventry, England) and centrifuged at 16,000xg for 45 min at 4°C to separate the supernatant and pellet. The soluble protein was purified by IMAC (Immobilized metal assisted chromatography) and size exclusion chromatography. The Ni-NTA (Nitrilotriacetic acid) agarose beads (Qiagen, USA) were pre-equilibrated with the binding buffer (50 mM TrisHCl pH 7.6, 100 mM NaCl) and were loaded with the clarified supernatant into the column. The supernatant was incubated with the pre-equilibrated Ni-NTA agarose beads for 45 min at 4°C. Consecutive three washes were made with varied concentrations of Imidazole (W1¼ 30 mM Imidazole, W2 ¼50 mM Imidazole and W3 ¼100 mM Imidazole) along with the binding buffer. Finally the N-terminal His-tagged protein was eluted using 250 mM Imidazole. The eluted fractions were pooled and incubated with TEV protease for His-tag cleavage during dialysis against the dialysis buffer (50 mM Tris-HCl pH 7.6, 20 mM NaCl) at 4°C for 12 h. After cleavage of His-tag, protein samples were reloaded onto Ni-NTA column to remove uncleaved His-tagged protein and His-tagged TEV protease. All the fractions were collected and analyzed using 15% SDS-PAGE. The bands of purified protein with and without His-tagged TEV protease is shown in Fig. 1A . For the efficient recovery of purified protein after dialysis, a dialysis membrane of 10 kDa MWCO was used (Thermo Scientific). The flow-through containing His-tag cleaved and purified protein was concentrated to $ 5 mg/ml using a 3 kDa cutoff Amicon Ultra-15 concentrator (Millipore, Bedford, Massachusetts, USA). Concentrated protein was loaded onto HiLoad 16/60 Superdex 75 pg size-exclusion chromatography column (GE Healthcare) using 50 mM Tris-HCl pH 7.6, 20 mM NaCl as buffer (filtered and degassed). AKTA purifier (GE Healthcare) purification system kept at 4°C operated at a flow rate of 0.5 ml/min was used to conduct the gel-filtration chromatography step. Gel-filtration fractions were collected and analyzed using 15% SDS-PAGE. The fractions containing protein of interest were pooled and again concentrated to $ 5 mg/ml. The molecular weight marker proteins bovine serum albumin (66 kDa), ovalbumin (45 kDa), trypsin (23 kDa) and lysozyme (14 kDa) were loaded and run on the size-exclusion HiLoad 16/60 Superdex 75 column to determine the void volume of the column and to construct the standard curve. Further, the standard curve was used for estimating the molecular weight of the purified proteins. The UV absorbance spectroscopy at a wavelength of 280 nm was used for estimation of protein concentration using an extinction coefficient of 23,950 M À 1 cm À 1 for CVCP protein.
Circular dichroism spectroscopy
In the absence of the atomic structure of CVCP, the secondary structure of CVCP (residue range: 106-261) was determined using circular dichroism (CD) spectroscopy. Protein samples were buffer exchanged into 20 mM potassium phosphate buffer at pH 7.6 and protein concentration used for CD measurements was 0.1 mg/ml for each protein sample. The spectra were recorded using PC controlled Applied Photophysics (Model Chirascan, UK) spectropolarimeter in a quartz cell of 0.1 cm from 180 to 260 nm of wavelength with a bandwidth of 1 nm under continuous nitrogen purge. Three scans were recorded with a response time 0.25 s per point at 25°C and afterwards the average of these scans was done. The baseline data was also collected for the buffer without protein and subtracted from the averaged spectrum of protein. The analysis of the data was done using the Dichroweb web server by CDSSTR method (Sreerama and Woody, 2000) .
Isothermal titration calorimetry
Isothermal Titration Calorimetry experiments were conducted using MicroCal iTC 200 (GE Healthcare) to determine the thermodynamic parameters of dioxane and picolinic acid binding to CVCP protein. The titrations were performed at 25°C in buffer containing 50 mM Tris (pH7.6), 20 mM NaCl. The picolinic acid used in the titration against CVCP was purchased from Sigma Aldrich (Cat. No. P42800). Picolinic acid (PCA) at the concentration of 12 mM (Syringe) was titrated in to CVCP protein 50 mM (Cell). Whereas the concentration of the dioxane used for the titrations was 1 mM (Syringe) against the CVCP protein 50 mM (Cell). The various set parameters used to perform the isothermal titrations of dioxane and picolinic acid with purified CVCP are shown in Table 2 . The ITC data obtained was subsequently analyzed by MicroCal Origin 7.0 software from MicroCal. The ITC data was integrated, dilution effects were corrected and concentration was normalized before the curve fitted to a one site binding model by using MicroCal Origin 7.0 software.
Surface plasmon resonance
All the SPR experiments were performed using BIACORE T200 (GE Healthcare, USA) instrument with research grade CM5 sensor chips (Biacore AB, Uppsala, Sweden). The analysis and sample compartment temperature was set 25°C for all the binding and kinetic experiments.
Buffer preparation
All the SPR binding and kinetic studies were carried out in Phosphate buffer saline (PBS). The PBS buffer, 10X (BR-1006-72) was purchased from GE-Healthcare. Distilled deionized water was filtered using 0.22 mm Millipore filters and degassed using Millipore Degassing unit to avoid microbubbles formation. As the analytes studied for binding and kinetic studies were small molecules, therefore 0.5% Tween20 (P9416-Molecular Biology grade) as a surfactant was added to the PBS 1Xbuffer. The final concentration of 1X PBS þ P includes (20 mM NaH 2 PO 4 -Na 2 HPO 4 , 150 mM NaCl, 0.5% (v/v) surfactant Tween20). This buffer was used for diluting the analyte stock solutions followed by preparation of samples and buffer blanks.
Immobilization of CVCP protein on CM5 sensor chip
The Amine Coupling Kit was purchased from GE Healthcare (GE Healthcare, BR-1000-50). The dextran surface of the CM5 sensor chip was first activated with 1:1 mixture of 0. M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 0.1 M N-hydroxysuccinimide (NHS) with a flow rate of 10 ml/min to form reactive succinimide esters. For immobilization of ligand on the sensor chip surface, the CVCP protein (100 mg/ml) was dissolved in low salt buffer (0.1 M Sodium acetate buffer) with pH 4.5. After this treatment ligand acquired positive charge and got pre-concentrated onto negatively charged carboxymethyl dextran matrix of CM-Chip that further increase the efficiency of amine coupling. The CVCP protein was injected and flowed across the activated sensor surface with flow rate of 10 ml/min. After the successful immobilization of ligand on the sensor surface, all the remaining active succinimide esters were blocked using ethanolamine. The ligand (CVCP protein) was immobilized on flow cell 2 (FC-2) and the final immobilization level was 4500 RU. For all the SPR measurements, the flow cell 1 was blank immobilized (without CVCP) and used as a reference. The stability of CVCP protein on the FC-2 surface was confirmed by five washes with regeneration buffer (10 mM Glycine-HCL, pH 2.5). The flow rate was kept constant throughout the binding (10 ml/min) and kinetics experiment (45 ml/min). The data was collected by Biacore control software and analysis was done with T200 evaluation software.
Fluorescence spectroscopy
All the fluorescence experiments were carried out using a Hitachi F-4600 fluorescence spectrophotometer. The quartz cuvette of dimensions 10 mm Â 4 mm was used for all the fluorescence measurements, recorded at 25°C. To measure the intrinsic fluorescence of the CVCP, the protein sample (25 mM) were excited at wavelength of 280 nm and the emission spectra were recorded at wavelength of 295-550 nm. The excitation and emission slit width of 2.5 nm was used for recording the spectra. Each spectra obtained was average of three scans. The buffer containing 50 mM Tris, pH ¼ 7.6 and 20 mM NaCl was used for preparing the protein samples. The effect of picolinic acid (PCA) on the CVCP intrinsic fluorescence was studied. The emission spectra was recorded upon addition of PCA at different concentrations up to 5 mM (0.5 mM, 1.0 mM, 1.5 mM, 2.0 mM and 5.0 mM) to the CVCP (25 mM), after incubation for 15 min. The spectra obtained were compared with CVCP (protein without PCA) spectra and analyzed for quenching.
Cells and virus propagation
The Vero cells (African green monkey kidney cell line) was obtained from National Centre for Cell Science (NCCS), Pune, India and were maintained in minimum essential medium (MEM) supplemented with 10% heat inactivated fetal bovine serum (FBS), 80 U gentamicin, 2 mM L-glutamine and 1.1 g/L sodium bicarbonate in humidified 37°C, 5% CO 2 incubator. An Indian isolate of Chikungunya virus (strain DRDE-07; GenBank: EU372006) belonging to East Central and South African (ECSA) genotype maintained at Virology Division, DRDE, Gwalior was used for antiviral studies. Virus was propagated using standard virus adsorption techniques and titer was determined by plaque assay, expressed as plaque forming units per ml (PFU/ml). The virus stocks were stored in À80°C until further use.
Cytotoxicity testing
The cytotoxic effect of the compound was determined by using neutral red dye uptake (NRDU) assay in Vero cells. Vero cells were seeded onto 96-well culture plates at cell density of 1 Â 10 4 cells per well and allowed for overnight incubation for cell attachment. Serial two-fold dilution of compound was prepared in MEM from 8 mM to 62.5 mM. The plates were incubated in 37°C, 5% CO 2 for 72 h. After 72 h incubation, neutral red solution was added into each well and incubated for one hour at 37°C. The absorbance was measured at 540 nm. The maximum nontoxic dose (MNTD) was determined. The TUNEL assay was carried out using in situ Cell Death Detection Kit, Fluorescein (Roche Applied Sciences, Germany) with standard protocol to detect apoptosis induced by PCA (16 mM À 2 mM) in Vero cells, counterstained with 4′,6-diamidino-2-phenylindole (DAPI). This was further verified by Caspase 3 apoptosis assay, counterstained with Hoechst 33342 to identify nuclear morphology that allows comparison of apoptotic nuclei with surrounding normal nuclei that were observed microscopically at 36 hpi.
Antiviral assay
Vero cells were seeded onto 24-well culture plates at cell density of 1 Â 10 5 cells per well and incubated overnight. The cells were infected with CHIKV at MOI of 0.01 except for the cell control. Compound was added 24 h before infection (in pre-treatment), 0 h after infection (in simultaneous treatment) and 2 h after viral adsorption (in post-treatment) to reach a final concentration of 2 mM. The plates were incubated in 37°C, 5% CO 2 for 48 h. The infected supernatant was collected at 24 and 48 hpi for quantitation of both CHIKV RNA and infectious virus by qRT-PCR and plaque assay respectively.
Quantitative real-time RT-PCR assay
Quantitative real-time RT-polymerase chain reaction (qRT-PCR) assay was used to determine the CHIKV load. The CHIKV RNA was extracted from the supernatant by using QIAamp viral RNA kit (Qiagen, Germany) according to the manufacturer's protocol and the extracted RNA was stored at À 80°C until analysis. An in-house qRT-PCR utilizing SS III Platinum one step qRT-PCR kit (Invitrogen, 
High High USA) in Mx3005 P system (Stratagene, USA) with primers differentiating CHIKV E1 segment was performed as described earlier (Agarwal et al., 2013) . Standard curve for quantitation was prepared by qRT-PCR using serial dilution of known copies number of in vitro transcribed RNA.
Plaque assay
The inhibitory effect of the compound on CHIKV infection was also determined by plaque reduction assay. Vero cells were seeded onto 24-well culture plates incubated overnight. The 10-fold serial dilution of infected culture supernatant of compound treated-CHIKV cells along with virus control was prepared. The medium was discarded and the cell monolayer was infected with different dilutions and incubated for 1.5 h for virus adsorption. The cell monolayer was then overlaid with overlay medium containing 1.25% methylcellulose and further incubated at 37°C, 5% CO 2 for 3 days. The overlay medium was discarded and the plate was rinsed gently with PBS and fixed with chilled methanol before staining with crystal violet and the reduction of viral plaques compared to control was calculated.
Results
3D Homology model
Homology search of CVCP capsid protein gave the hits of twenty four sequences against PDB database. The crystal structure of Semliki Forest virus capsid protein (SFCP) was the first hit with 93% sequence identity (PDB À 1VCP). The 3D homology model of CVCP capsid protein was generated using 1VCP as template. The cartoon representation of the CVCP 3D homology model was shown in Fig. 1B . The Ramachandran plot analysis of the modeled CVCP 3D structure by PROCHECK, showed 97.3% residues are present in the core region, 2.7% in allowed region, and no residue in disallowed region. ProSA (https://prosa.services.came.sbg.ac.at/ prosa.php) analysis further confirmed the validation of the modeled structure as the folding energy of protein is in good agreement with the ProSA plot Fig. 1C . The superimposition of the final selected 3D structure model of CVCP with the template 1VCP showed a root mean square deviation (RMSD) of 0.2 Å (Fig. 1D) .
As expected, the tertiary structure of CVCP exhibited similar geometry to that of crystal structure of SFCP (1VCP). The predicted structure of C-terminal domain of Chikungunya virus capsid protein (113-261) consists of two β-barrel subdomains similar to crystal structure of other alphavirus CP's, reported till date. The subdomain I of CVCP (residue range: 113-261) consists of five β-strands and two helices unlike the Semliki Forest virus capsid protein (residue range: 119-267) subdomain I that consists of six β-strands and same number of helices (Choi et al., 1997) . Helix α-1 is present in between β-3 and β-4 strands and helix α-2 is present between β-5 and loop region connecting the two subdomains. The subdomain II consists of seven β-strands and devoid of any helix like other CP's. The two subdomains are connected by a linker loop region of 10 residues (Ala175-Glu184). The antiparallel strands of β-barrel subdomains [β1 (114-119), β2 (122-130), β3 (133-137), β4 (155-157), β5 (161-166) of sub-domain I and β6 (185-188), β7 (193) (194) (195) (196) (197) , β8 (200) (201) (202) (203) (204) , β9 (214-218), β10 (225-233), β11 (237-245), β12 (250-253) of sub-domain II] are folded in to two Greek keys, characteristic of chymotrypsin like serine protease. The alphavirus CP possesses cis-autoproteolytic activity and it cleaves itself from the rest of the structural polyprotein only once, in the virus life cycle. The further protease activity of CP was inhibited by C-terminal Trp residue as it blocks the active site of the protein (Tong et al., 1993) . In between the two β-barrel subdomains the conserved catalytic triad, consisting of Ser213, His139 and Asp161 residues was present (Fig. 2) . These catalytic residues architecture are conserved among the alphavirus CP's as well as other serine proteases. This protease domain of capsid protein cleaves the conserved scissile peptide bond between Trp-Ser residues. After the truncation of C-terminal Trp residue, CP protease activity in trans can be restored. Recent studies on FRET based assays have shown the trans-activity of C-terminal capsid protein (AVCP and CVCP) by using synthetic fluorogenic peptide containing cleavage site (Aggarwal et al., 2014; Aggarwal et al., 2015) . Similar to the other chymotrypsin like serine proteases including alphaviruses, the GDSG motif containing the conserved active site nucleophilic serine residue is structurally conserved in CVCP ( 211 GDSG 214 ) (Choi et al., 1996; Forsell et al., 1995) ( Fig. 2) .
Molecular docking
Docking studies were performed using dioxane, proline and PCA as ligands and their binding in to the hydrophobic pocket of CVCP was analyzed. Previous studies suggested the role of dioxane and its derivatives in disrupting the capsid-cdE2 interactions and thus alphaviral replication (Kim et al., 2007 (Kim et al., , 2005 . Recent published data suggested the proline residue (Pro 405 in AVCP) of helix-loop-helix of cdE2 fits into the hydrophobic pocket of CP and is involved in CP-cdE2 PPIs (Aggarwal et al., 2012) . The crystal structures of CP-dioxane complex demonstrate dioxane molecule binding in the CP hydrophobic pocket that mimics the pyrollidine ring of cdE2 proline. Thus, docking of proline and its derivative PCA into the hydrophobic pocket of CVCP was done to analyze ligand binding. The binding energy of proline ( À 3.63 kcal/mol) and picolinic acid ( À 3.23 kcal/mol) into the CVCP hydrophobic pocket was found to be more than that of dioxane ( À 2.86 kcal/ mol). Moreover, the inhibition constant obtained in silico were 8 mM, 4.31 mM and 2.17 mM for dioxane, PCA and proline, respectively (Table 3 ). The interactions of dioxane, proline and picolinic acid with the hydrophobic residues of the CVCP were analyzed and shown in Fig. 3 . Picolinic acid was found to interact with CVCP hydrophobic pocket residues through 4 hydrogen bonds. While, dioxane and proline bound to hydrophobic pocket through 2 Hydrogen bonds each. This is suggestive of that PCA and its derivatives might be more effective in preventing CP-cdE2 PPI and thus inhibit the alphavirus replication.
Secondary structure analysis
The secondary structure of the CVCP was determined using circular dichroism analysis. The online web server Dichroweb was used for the data analysis. The deconvoluted data reveal the secondary structure content of CVCP was 5% α-helix, 36% β-sheet, 25% β-turn and 32% random coil. CD results show that purified CVCP used in this study has well defined secondary structures similar to other alphavirus capsid protease and is natively folded.
Isothermal studies of picolinic acid binding
The binding of dioxane and picolinic acid to the purified CVCP was studied using MicroCal iTC 200 at 25°C by following the heat effect after injection of these ligands into cell containing protein.
The ITC binding isotherms were fitted as single set of site model by using Origin7 Data Analysis software (GE Healthcare) and shown in Fig. 4 . The binding constant of dioxane and PCA were calculated. The thermodynamic analysis of dioxane and picolinic acid binding to CVCP is shown in Table 4 . There was stronger affinity of CVCP protein for picolinic acid with a K D of 61 mM than dioxane with a K D of 80 mM.
Surface plasmon resonance
To get the quality sensor data the cleaning of instrument with DESORB followed by preconditioning of sensor chip was done. Standard cleaning procedure was performed using 0.5% (w/v) SDS and 50 mM Glycine pH ¼9.5 as the running buffer and then primed for five to six times using distilled deionized filtered /degassed water. The SPR instrument was then kept in the standby mode overnight. Next day, a fresh CM5 sensor chip (researchgrade) was docked into the clean instrument followed by preconditioning with passage of short pulses of acid, base, and denaturant over the chip surface that hydrates and cleans the CM5 layer (carboxymethyl dextran).
CVCP protein immobilization
We used standard amine-coupling method for the immobilization of CVCP protein. The final immobilization level achieved was 4500 RU on the surface of Fow cell 2 (FC-2). Fow cell 1 (FC-1) was selected as a reference to minimize the unwanted drift and systematic noise. The desired immobilization level was achieved by using the "aim for immobilization" method within the control software of Biacore. The specified "aim for immobilization" for CVCP protein was 5000 RU and the final immobilized level was 4500 RU. In this method a series of short pulses of the CVCP protein were injected over the activated surface until the required immobilization level was attained. After the immobilization step, the surfaces of both the reference (FC-1) and activated (FC-2) flow channels of the sensor chip was blocked by injecting 1.0 M ethanolamine (pH 8.5) with the flow rate of 20 ml/min followed by "postconditioned" with three pulses of 100 mM HCl. These steps were carried out to wash away any non-covalently bound material to chip surfaces and to stabilize the immobilized ligand. PCA was injected over the immobilized CVCP, at concentrations ranging from 0.0625 mM to 2 mM, for binding studies. The responses obtained upon binding, from these varied analyte concentration range was used to measure the kinetic parameters of the interaction. Each PCA concentration was tested in duplicate that defines the activity of immobilized CVCP is retained throughout the experiment. Reproducibility of the results rules out any mishandling and further supports the regeneration buffer used was appropriate for disrupting PCA/CVCP complex after each cycle without affecting the CVCP activity. For kinetic studies the contact time of PCA binding to the CVCP protein was monitored for 120 s with the flow rate of 30 μl/min which was sufficient to get a nice binding response. To demonstrate the stability of the base line during the Fig. 2 . Multiple sequence alignment of CVCP with CP's from other alphaviruses: the conserved residues are highlighted in red background. The star under the amino acids represented the residues of the hydrophobic pocket involved in interaction with Dioxane, Proline and Picolinic acid. The highly conserved catalytic residues (His139, Asp161and Ser213 in CVCP) of CP's are represented by solid circles below the residues. The GDSG motif ( 211 GDSG 214 ) containing the conserved active site nucleophilic serine residue is shown in the box.
Table 3
The values of binding energy and inhibition constant as obtained from docking of dioxane, proline and picolinic acid into the CVCP hydrophobic pocket. experiment, blank injections (only running buffer) were injected along with the PCA injections. The responses obtained for the buffer injections were flat, indicating the stability of the baseline.
Kinetic analysis
Kinetic parameters for binding of PCA to the immobilized CVCP protein were measured. The data obtained was evaluated by the Biacore Evaluation software (Biacore T200 Evaluation Software, Version: 2.0). The data was fitted as per the global fitting of the kinetic model with one state model and stoichiometry 1:1 (Fig. 5A) . Final experiment reports showed no bulk factor which ensures the proper sample preparations and handling. The values of the rate constants obtained from SPR for binding of PCA to CVCP were comparable to the values obtained from ITC studies. The K D value obtained for binding of PCA to CVCP from ITC and SPR was 61 μM and 0.21 μM, respectively. This difference in rate constants could be due to steric hindrance caused by immobilization strategy, kind of buffers used in performing the experiments, set parameters and principle behind these two biophysical techniques (ITC and SPR).
Effect of PCA on CVCP intrinsic fluorescence
The intrinsic fluorescence of CVCP was measured in its native form (residue range: 106-261) and upon binding to PCA. As suggested from docking studies of PCA with CVCP, the PCA binds to the hydrophobic pocket of CVCP, rather more strongly than previously reported dioxane. The binding of the PCA to CVCP hydrophobic pocket results in decrease of fluorescence intensity with the increase in concentration of PCA as shown in Fig. 5B . The binding constant for PCA binding to CVCP estimated from ITC and SPR was comparable. Fluorescence studies further validated the ability of PCA to bind to CVCP hydrophobic pocket that is expected to disrupt the CP-cdE2 PPIs.
Cytotoxicity testing
In order to determine the cytotoxic effect of this compound before subsequent assays, the maximal nontoxic dose (MNTD) was determined on Vero cells by the conventional neutral red dye uptake assay. The MNTD value of the compound in this study was found to be approximately 2 mM that showed more than 90% cell viability. Both TUNEL and Caspase 3/FITC assay followed by DAPI and Hoechst 33342 counterstaining, respectively of PCA treated Vero cells did not show apoptosis at 2 mM PCA. Thus, 2 mM PCA concentration was used to carry out all the subsequent experiments (Fig. S1 ).
Antiviral assay
The antiviral activity of the compound against CHIKV was determined by using qRT-PCR. Viral RNA was isolated from the infected culture supernatant of compound treated and untreated cells, and was quantitated. The inhibition of CHIKV RNA load as depicted in Fig. 6A was significantly reduced by up to 2 log in simultaneous treatment (p o0.01). The treatment of infected cells Fig. 3 . Binding analysis of docked compound into CVCP hydrophobic pocket: The diagram showing the binding of (A) dioxane, (B) proline and (C) picolinic acid in the hydrophobic pocket of CVCP. The residues of the hydrophobic pocket involved in hydrophobic interactions are shown in green color and dioxane, proline and picolinic acid are shown in cyan, yellow and magenta color, respectively. The polar interactions of dioxane (2 hydrogen bonds), proline (2 hydrogen bonds) and picolinic acid (4 hydrogen bonds) with the hydrophobic pocket residues are shown in red dashes. Picolinic acid binds to CVCP hydrophobic pocket more strongly than dioxane and proline. with compound showed highly significant inhibition in simultaneous-treatment up to 48 h compared to virus control. Marginal inhibition was observed in pre-treatment up to 24 h and no inhibition was observed in post-treatment.
The antiviral activity of the compound against CHIKV was also confirmed by conventional plaque assay. Our results showed that the CHIKV load was significantly reduced following compound treatment by 60.63% in simultaneous treatment at 48 hpi (p o0.01). Approximately 45% reduction was observed in pretreatment only up to 24 hpi. However, no significant reduction was seen in post-treatment study (Fig. 6B) .
Discussion
The genus Alphavirus includes notable human and animal pathogens. The members of this genus are divided into two main groups: Old and New World alphaviruses. They have different disease presentation and different mechanism to shut the host transcription off. Old World viruses such as Sindbis virus, Semliki Forest virus (SFV), Chikungunya virus (CHIKV) etc. are arthralgic in disease presentation and employ nsp2 protein for shutting the host transcription off. New World viruses such as Venezuelan equine encephalitis virus (VEEV) and Eastern equine encephalitis virus (EEEV) etc. are encephalitic in disease presentation and employ capsid protein for inhibition of host transcription (Garmashova et al., 2007; Hahn et al., 1988) . The N-terminal domain or RNA binding domain of capsid protein involve in this mechanism of transcription inhibition and not the protease domain. However, over the last few decades, chikungunya disease associated with neurological and haematological complications have been reported. Recent outbreaks of chikungunya, from 2005 onwards have been reported to be associated with encephalitis and meningoencephalitis (Chandak et al., 2009; Chusri et al., 2011) . The re-emergence of chikungunya as an epidemic, evolution of new mosquito vector of the virus (due to mutation in E1 glycoprotein) (Schuffenecker et al., 2006) and the pathogenicity of virus especially encephalitis and meningoencephalitis apart from arthralgia makes it a significant pathogen which needs proper and immediate attention. Till date, there is no vaccine to prevent chikungunya disease and no specific medicine to treat it. This necessitates, the study of alphaviral biology for specific anti-CHIKV drug development.
In the current study, we focused on finding inhibitors that bind The titrations were performed at 25°C in buffer containing 50 mM Tris (pH7.6), 20 mM NaCl. Dioxane at the concentration of 1 mM (Syringe) was titrated in to CVCP protein 50 mM (Cell). (B) ITC raw and integrated data for CVCP-picolinic acid titrations. The temperature and the buffer components were similar to that of CVCP-Dioxane titrations. Picolinic acid at the concentration of 12 mM (Syringe) was titrated in to CVCP protein 50 mM (Cell). The experimental data points for the titrations were represented in solid squares and best fit of these data points were shown as solid curve by taking one site binding model.
Table 4
The thermodynamic analysis of dioxane and picolinic acid binding to CVCP as obtained from ITC. the hydrophobic pocket of CP, and obstruct the CP and cdE2 glycoprotein interactions. The interaction of cdE2 with nucleocapsid core is critical for the virus life cycle. Although the crystal structures of CP from other alphavirus members like Semliki Forest virus (SFV), Sindbis virus (SINV), Aura virus etc. have been reported, the crystal structure of Chikungunya virus capsid protein is yet to be determined. The cryo-electron microscopy (cryo-EM) studies of capsid protein (CP) and trans-membrane glycoprotein (cdE2) interactions provide important breakthrough in understanding this key interaction. Previous studies have found a solvent-derived dioxane molecule bound to hydrophobic pocket in the crystal structure of SCP, AVCP (Aggarwal et al., 2012; Choi et al., 1991) suggesting that dioxane and its derivatives may prevent the capsid-cdE2 interactions. Many Dioxane derivatives were extensively studied in Sindbis virus and found to have antiviral property (Kim et al., 2007; Kim et al., 2005) . Alphavirus capsid protein is a serine protease and possesses a chymotrypsin-like fold with a hydrophobic pocket at the surface responsible for interaction with transmembrane glycoproteins. The crystal structure of alphavirus capsid protein (AVCP, SCP, and SFCP) has structurally conserved hydrophobic pocket on the CP surface. Therefore, ligands that bind the CP hydrophobic pocket more strongly than dioxane are expected to inhibit capsid-cdE2 interaction in various alphaviruses. The CP possesses cis-autoproteolytic activity and it cleaves itself from the rest of the structural polyprotein only once, in the virus life cycle. The subsequent protease activity of CP was inhibited by C-terminal Trp residue (AVCP, W-267) as it blocks the P1 position near the active site. After the truncation of C-terminal Trp residue, CP protease activity in trans can be restored (Aggarwal et al., 2014) . Like other serine protease, CHIKV CP contains a catalytic triad formed of His139, Ser213 and Asp161 residues. The triad is located in the cleft between the β-barrel sub-domains. Due to the absence of crystal structure of Chikungunya CP (CVCP), homology models were generated by modeler 9.14. After homology modeling the 3D structure obtained was validated and energy minimized. AutoDock 4.2, was used for studying the docking of dioxane and PCA into the hydrophobic pocket of CVCP. The binding energy of picolinic acid ( À 3.23) into the CVCP hydrophobic pocket was found to be more than that of dioxane ( À 2.86). Moreover, the inhibition constant of these ligands for CVCP hydrophobic pocket interactions were calculated by AutoDock 4.2. The values for the inhibition constant obtained were 8 mM and 4.31 mM for dioxane and PCA, respectively. It clearly reflects that PCA binds to the CP hydrophobic pocket more strongly and efficiently than the previously reported dioxane. The thermodynamic parameters of the binding were calculated based on the isothermal titration . Cell supernatants were harvested at 24 and 48 hpi and RNA was isolated. The qRT-PCR was performed with specific primers for CHIKV E1 region. Titer of CHIKV RNA was determined from a standard curve drawn using 10-fold serially diluted in vitro transcribed CHIKV RNA. (B) Relative CHIKV titer as assessed by plaque assay at 24 and 48 hpi. Percent inhibition with respect to virus control was calculated. Data represents the mean 7 standard deviation of three independent experiments. The asterisk indicates statistical significance (*p o0.05,**p o 0.01).
calorimetry and surface plasmon resonance. The binding constant (K D ) calculated for the binding of dioxane and PCA (picolinic acid) to CVCP hydrophobic pocket from ITC was 80 mM and 61 mM respectively. This result was further validated by SPR. The K D value of PCA binding to CVCP hydrophobic pocket obtained from SPR kinetic experiment was 0.21 mM. These results of PCA binding indicate that other small molecules related to PCA and its derivatives that bind to the hydrophobic binding pocket of the alphaviruses could effectively inhibit the viral replication cycle by blocking capsid assembly as well as capsid-cdE2 interactions.
Prior to the estimation of antiviral properties of PCA, its cytotoxic effect has been determined. Cell viability assay revealed that MNTD value of the PCA, was approximately 2 mM in Vero cells that showed more than 90% cell viability at 72 h. Further, this concentration (2 mM) of PCA did not show apoptosis as determined using TUNEL and Caspase 3 apoptosis assay. In the present investigation, we determined the inhibitory effects of PCA against CHIKV in the pre, simultaneous and post-treatment in Vero cells. The computational modeling studies indicated that PCA binds to the hydrophobic region of CHIKV capsid protein, which was also confirmed by fluorescence spectroscopy and SPR results. Thus, hypothesized that PCA should have antiviral activity against CHIKV via inhibiting the disassembly and assembly functions of the CP or the virus budding process. Our results showed that pretreatment of cells with PCA had partial effect on CHIKV replication that supports the hypothesis that PCA is inhibiting the initial disassembly. Whereas, in the simultaneous treatment, PCA inhibited CHIKV up to 48 hpi by affecting virus fusion and assembly process. Interestingly, no antiviral effects were observed in the post-treatment, indicating that PCA does not interfere with the process of virus release, confirming that the main inhibitory effect of PCA is at the step of disassembly, replication and/or assembly of nucleocapsids. However, it is observed that the post-treatment after 24 hpi, but not after 48 hpi, inhibited viral RNA abundance. This may be representing the inhibition of re-infection by newly released virions at the early disassembly step. Interestingly, at 48 hpi no inhibition at RNA level is observed and this could be due to overabundance of capsid protein. Therefore, at this stage enough amount of PCA is not available to saturate the hydrophobic pockets of all the CP molecules and thus, not able to inhibit CHIKV. These results clearly demonstrate the antiviral activity of PCA against CHIKV, supporting the postulate that PCA binds to the hydrophobic pocket of CVCP and inhibits its function. However, the exact mechanism by which PCA inhibits CHIKV replication will be elucidated by performing additional in vitro and in vivo capsid assembly and disassembly experiments. In nut shell PCA at concentration 2 mM significantly inhibited CHIKV replication in simultaneous-treatment mode, decreasing viral mRNA and viral load as assessed by quantitative real-time RT-PCR and plaque reduction assay respectively, in infected Vero cells. Hence, this study paves the way for developing more precise and efficient antivirals against re-emerging CHIKV and other pathogenic alphaviruses. Of particular note, outstanding inhibitory effects against alphaviruses may be observed following treatment with PCA in combination with other antiviral drugs. However, further in vivo experimental studies are required to investigate their potential application for clinical intervention of alphaviruses.
Conclusions
Molecular docking results showed stronger binding of the PCA ( À 3.23 kcal/mol) to the hydrophobic pocket than that of the dioxane ( À 2.86 kcal/mol). The binding constant (K D ) calculated using isothermal titration calorimetry (ITC) for dioxane and PCA were 80 mM and 61 mM respectively confirming the results of molecular docking. The binding kinetics of PCA with CVCP were further studied using surface plasmon resonance (SPR). The binding constant K D (M) obtained for PCA was 2.1 Â 10 À 7 M. The intrinsic fluorescence spectroscopy confirms the binding of PCA in the hydrophobic pocket. Additionally, PCA was found to have inhibitory activity against CHIKV replication in Vero cells, decreasing viral mRNA and viral load as assessed by qRT-PCR and plaque reduction assay, respectively. This study suggests antiviral potential of heterocyclic ring compounds similar to PCA and its derivatives against CHIKV and alphaviruses.
